In recent years, mechanical structures such as railway wheels, rails, offshore structures, bridges, engine components, load bearing parts of automobiles, etc. have to endure for a long term up to 10 8 -10 10 loading cycles in order to save resources and to reduce the cost together with the environmental load to the globe. Thus, the fatigue behavior of structural materials in the very high cycle regime of 10 8 -10 10 cycles has become an important subject of the research. In this paper, a review of the current studies in this area performed by many researchers is described in order to provide a certain milestone in the history of the research on fatigue behavior of the metallic materials in the very high cycle regime.
Introduction
During the long history of the study on Fatigue of Metals, a number of experimental data have been accumulated and a lot of fundamental aspects on the fatigue of metallic materials have been reported by many researchers [1] [2] [3] [4] [5] . Among them, one of the most important aspects is the fact that ferrous metals such as structural steels indicate the clear fatigue limit at the number of stress cycles less than 10 7 [4, 6] . However, non-ferrous metals such as aluminum alloys have no fatigue limit such that the S-N curve tends to decrease continuously in the very long life regime longer than 10 7 cycles [4, 6] .
We have another typical aspect on the relationship between the fatigue limit and the tensile strength for various kinds of structural steels. Usually, the fatigue limit is proportional to the tensile strength in the wide range of the strength level as given by 2 / B w σ σ = , approximately, where w σ is the fatigue limit under alternative loading.
Thus, the fatigue limit of w σ can be approximately provided by a half of the tensile strength of B σ as reported by many researchers [6] . On the other hand, we found another relationship of 3 / In recent years, practical structures such as railway wheels and rails, offshore structures, energy conversion and transportation systems have been used in a long term, sometimes, beyond their original design lives due to economic and environmental considerations. In such a circumstance, unexpected failures have been reported even for structural components made of ferrous metals being assumed to have a distinct fatigue limit, although unexpected failures can be also observed for practical components in the fatigue life region shorter than 10 7 cycles. The fatigue behavior of structural materials in the very high cycle regime longer than 10 7 cycles has become an important subject to ensure the long-term safety of the actual structures in the various areas of industries [7, 8] .
From this point of view, many researchers have carried out fatigue tests in the very high cycle regime for various kinds of metallic materials in the last decades [9, 10] . Fatigue properties and fatigue mechanisms have been also discussed extensively in many conferences [9, 10] and special issues in some journals [11, 12] . In this paper, a review of the current studies in this area performed by many researchers is described in order to provide a certain milestone in the history of the research on fatigue behavior of the metallic materials in the very high cycle regime.
Fundamental Aspects of Very High Cycle Fatigue of Metallic Materials

S-N Characteristics in Very High Cycle Regime under Usual Frequencies
In this section, typical experimental results obtained by the Research Group for Statistical Aspects of Material Strength(RGSAMS) [13] are introduced briefly. In order to perform fatigue tests efficiently in the long life regime, this research group had developed a high efficiency fatigue testing machine in the respective loading types of rotating bending [13] and axial loading [14] , in which four specimens could be tested simultaneously. These machines were distributed to members in the above group together with the common specimens of the high carbon chromium bearing steel. Figure 1 indicates S-N diagram plotted all the fatigue test data in rotating bending obtained by six different laboratories, whereas Fig.2 gives the S-N diagram obtained in axial loading. In Fig.1 , hollow marks indicate the fatigue data in the surface-initiated fracture, while solid marks show the data in the interior-initiated fracture. Fracture mode of the individual specimen was clearly classified through SEM observation of the fracture surface for each specimen.
In Fig.1 , we can find a characteristic S-N property that the S-N curves for the respective fracture modes appear at different locations in the diagram. Thus, we have the "Duplex S-N Curves" corresponding to the respective fracture modes. If local stress at the crack initiation site is accepted, a little variation was introduced into the above S-N characteristics. But, the variation is not so distinct, since the crack initiation sites are limited within a thin surface layer having about 200 m µ thickness [15] . Residual stress induced on the specimen surface in the process of surface finishing also has an effect on the S-N property. Accordingly, the detailed aspect of the duplex S-N property still remains unsolved. In addition, such a duplex S-N property is not so clear in the case of axial loading as shown in Fig.2 , where dashed line gives the regression line obtained for the data in the surface-initiated fracture and solid line gives the line obtained for the data in the interior-initiated fracture. Typical example of the fracture surface in the surface-initiated fracture in rotating bending is shown in Fig.3(a) , and another example of the fracture surface in the interior-initiated fracture is in Fig.3(b) , respectively [13] . In the latter case, a clear "Fish-eye" was observed on the fracture surface and an inclusion was found at the center of the fish-eye. Fracture surface around the inclusion at the crack origin was again observed by using SEM in the higher magnification and the photograph was given in Fig.3(c) [13] . It is found that a characteristic area indicating fine granular morphology was produced in the vicinity around the inclusion. Based on the significant morphology, this area is hereafter so-called "Fine Granular Area(FGA)". Some examples of SEM observations for the fracture surfaces in axial loading are indicated in Fig.4 [16] . Fracture surface in the surface-initiated fracture is given in Fig.4(a) , whereas an example of fracture surface in the interior-initiated fracture is given in Fig.4(b) . In the latter case, an inclusion was found at the center of the fish-eye and the characteristic area of FGA was also found around the inclusion as shown in Fig.4(c) . Comparing the fracture surface in Fig.4(b) with the result in Fig.3(b) , we can find that the crack is formed within a surface layer in rotating bending and the crack tends to occur at deep portion in the case of axial loading. Paying particular attention to the fracture surfaces, we can find a common trend that the entire fracture surface can be divided into the following typical sub-areas as indicated by a couple of dashed lines in each photograph in Fig.4 : (i) a flat surface area at the initial stage, (ii) a rough area outside the initial flat area and (iii) a wide fracture surface having the radial ridge pattern outside the rough area. 
Some Discussions based on Fracture Mechanics
Based on the characteristic feature on the fracture surface such as sizes of FGA and inclusion, the fatigue behavior was here discussed from a viewpoint of fracture mechanics. Values of area were calculated for the sizes of inclusion and FGA for each specimen failed in the interior-initiated fracture in rotating bending. These results were plotted as functions of the applied stress in Fig.5 [15] . The value of area for the FGA tends to decrease with an increase of the applied stress, while the value keeps almost constant for the inclusion. Values of K ∆ were calculated at the fronts of inclusion and FGA and they were plotted as functions of the number of stress cycles to failure in Fig.6 [15] . It is found that the value of K ∆ at the inclusion front tends to decrease with an increase of the fatigue life, i.e. with a decrease of the applied stress. Thus, the stress intensity factor range in front of the inclusion can be a controlling factor to the fatigue life. Another important finding is the fact that the value of K ∆ in front of the FGA keeps almost constant regardless of the fatigue life, i.e. regardless of the applied stress. According to the author's paper [17] , the area of FGA can not be formed if K ∆ value at the inclusion edge exceeds the critical level in the given loading condition.
As mentioned in the previous section, the fracture surface of each failed specimen can be divided into three typical areas by a couple of dashed lines in Fig.4 (a) and (b). The first line indicates a transition into rough area from a central flat area(Fish-eye) and the second line indicates the critical stage shifting to the catastrophic failure of the specimen. Based on this interpretation, the stress intensity factor ranges of these two stages were calculated asΔK tr and ΔK fc , respectively. They were plotted as functions of the fatigue life in Fig.7 . The value ofΔK tr keeps almost constant(ΔK tr =14.8MPa m ) as shown by a horizontal doubly dotted chained line and ΔK fc also keeps the constant value(ΔK fc =22.7MPa m ) within a scatter band as shown by another horizontal dotted line [16] . In addition, one more horizontal line(dashed line) was indicated at the average level of ΔK FGA in Fig.7 , which was corresponding to the solid line in Fig.6 . Thus, we have ΔK FGA =4.74MPa m . Figure 8 indicates relationships between crack propagation rate dN da / and K ∆ for bearing steels [16] . Fracture toughness of this steel IC K was experimentally measured by CT specimen as 19.8 MPa m by the author and it is indicated by a vertical line. The author's results of fatigue crack growth tests [16] are plotted together with the results by J. M. Beswick [18] . They were both obtained in axial loading. Based on these results, it is found that the threshold stress intensity factor range, 
suggests that the fatigue behavior within the FGA can not be explained as the usual crack propagation due to the fact of
in this area. Mechanisms of the crack nucleation and its propagation inside the FGA have been studied by many researchers in the last decade as introduced in the next section.
Formation Mechanisms of FGA
The authors have observed and analyzed the microstructure beneath the FGA by using SEM, SIM and X-ray diffraction technique [19, 20] . The microstructure inside the fine granular area(FGA) in Fig.3(c) was again observed by a transmission electron microscope (TEM). The TEM specimen was prepared by means of a special technique of Focused Ion Beam System(FIB), and thickness of this specimen was approximately 30nm. A bright field image of TEM observation thus obtained is given in Fig.9 . The mark of A indicates the fine granular layer inside FGA, whereas mark B indicates the deep position where the fine polygonization was not observed. A couple of X-ray diffraction patterns at areas A and B in Fig.9 are indicated in Fig.10(a) and (b) , respectively.
The diffraction pattern at the area of A in Fig.9 gives a ring-like pattern, while the corresponding image at the area of B in Fig.9 provides the spot-like pattern peculiar to the martensitic structure of this steel. The ring-like pattern in Fig.10(a) is given when a number of subgrains are participating in the diffraction at very limited area, whereas the spot-like pattern in Fig.10(b) is obtained from a definite crystal depending on the crystal structure. From this point of view, we can conclude that a lot of fine subgrains having different crystal orientations are produced within the thin layer around the non-metallic inclusion during a number of stress cycles. Thickness of this fine granular layer having the characteristic feature is reported to be within 400nm [19] . Based on this aspect, the authors have proposed a following mechanism of the fatigue crack initiation in the very high cycle regime [21] . This model consists of the following three steps;
Stage As illustrated in Fig.11 , the longitudinal sections passing through the inclusion at the crack initiation site are indicated in the left hand side, while the transverse cross sections passing through the same inclusion are given in the right hand side, respectively. Some segments of thick solid lines in the left hand side indicate the micro-debondings along the boundaries between the fine granular layer and the matrix of the material. As mentioned above, thickness of the fine granular layer is within 400nm. At the final stage(Stage C), all the segmentations are adjoined to one another by penetrating the fine granular layer so that a rough surface area is produced as the fine granular area(FGA). After a penny-shape crack is formed as FGA around the inclusion, the crack growth behavior tends to the Paris' law asymptotically. The above model is the author's mechanism for FGA formation, but some other models are also proposed. Y. Murakami et al. had proposed a model due to the hydrogenembrittlement caused by hydrogen molecules and atoms trapped around the inclusion [22, 23] . In this model, the rough surface area was formed around the inclusion due to hydrogen embrittlemnt assisted fatigue crack growth as indicated in Fig.12 . If the crack size exceeds the critical size for fatigue threshold, the crack tends to grow gradually with an increase of the stress cycles. But the stable crack propagation by each cycle of the loading is realized after the crack growth rate becomes higher than the critical value such as lattice constant. Fish-eye surface outside the FGA becomes smooth as often reported. Figure  13 indicates another model of the crack initiation proposed by K. Shiozawa et al., in which multiple microcracks are initiated by decohesion of spherical carbide from the matrix around a non-metallic inclusion. Thus the roughness depending on the carbide size is produced on the fracture surface [24, 25] . However, when the area of FGA exceeds a critical size, a penny-shape crack is formed and it propagates following the process explained above.
According to Shiozawa's model, discrete microcrackings along boundaries of the carbide particles and the matrix and their coalescence generate the characteristic morphology inside the rough surface area [24] .
Very High Cycle Fatigue Property Examined by Ultrasonic Fatigue Testing
S-N Characteristics
Only experimental results obtained by Bathias et al. are introduced in this paper due to the limitation of pages. C. Bathias and his colleagues have performed a series of fatigue tests for various kinds of structural steels including some non-ferrous alloys such as Fig.12 Crack initiation mechanism based on hydrogen embrittlement assisted cracking 22) Hydrogen embrittlement assisted fatigue crack growth aluminum alloys and titanium alloys. Examples of their fatigue test data for two kinds of spring steels are plotted as S-N diagram in Fig.14 [26] . They analyzed the single S-N curve as plotted by a solid line in each diagram. But, we can find a distinct separation of data points at the transition point around 7 10 cycles. If we obtain S-N curves for the respective groups of data points, a pair of S-N curves can be determined as shown by dashed lines. This separation would be attributed to the difference of the fracture modes as suggested from many experimental results reported by many researchers [13, 22, 24] . Thus, S-N characteristics in the very high cycle regime should be carefully represented in the S-N diagram.
In the case of ultrasonic fatigue test, we can obtain the experimental data in a short term, but this testing method has some difficulties such as temperature raising of the specimen during the fatigue test and a certain technique should be introduced to cool the specimen. Another difficulty is the frequency dependence of the fatigue property such that the fatigue life tends to increase with an increase of the frequency as reported by M. Kikukawa [27, 28] and others [29, 30] . In some cases, the frequency dependence was ignored from an experimental evidence that the S-N properties in both usual and ultrasonic frequencies coincide in the middle life range. However, it is easily supposed that this coincidence comes from a mutual offset of the shortened effect due to the temperature raising and prolonged effects due to the high frequency on the fatigue life.
Of course, the ultrasonic fatigue tests are useful and meaningful as an efficient technique to examine the fatigue property in such high frequencies. Those experimental data can be referred as fundamental design data for mechanical structures actually applied such a high frequency loading. However, we should be careful to use this method as an acceleration test to obtain fatigue data at usual frequencies within a limited term.
Fatigue Crack Propagation Behavior
As typical examples of the fatigue crack propagation behavior, only experimental results reported by S. E. Stanzl-Tschegg and her collegues are introduced in this section due to the limitation of pages. They had carried out a series of studies on the fatigue crack propagation and threshold behaviors for many kinds of metallic materials. By means of a special technique developed by themselves [31] , they had performed fatigue crack growth tests at several different stress ratios in the range of -1 to +0. crack growth laws for a steel(X20Cr13) are plotted in Fig.15 [32] . Each curve indicates the clear threshold value of the stress intensity factor range, i.e. fatigue threshold of th K ∆ . The curve for each crack growth law together with the threshold value tends to shift to left-hand side with an increase of the stress ratio. Such results in Fig.15 show a similar R-dependence of the fatigue crack growth rates as known from fatigue tests at conventional frequencies.
They had also examined the effect of testing environment on the fatigue crack growth behavior for an aluminum alloy(2024-T3). Results thus obtained in different atmospheres of humid air, dry air and vacuum were shown in Fig.16 [32] . In this figure, it is found that the value of th K ∆ in vacuum is higher than the value in the air environment. In humid air, slope of the relation between da/dN versus K max within crack growth rates between 10 -10 and 10 -9 m/cycle is distinctly decreased in comparison with those in other environments.
The threshold value is 2.1MPa m instead of 3.3MPa m in vacuum. Dried air experiments lead to crack growth rates between those obtained in humid air and those in vacuum.
In addition, many other researchers such as M. Kikukawa [27, 28] , J. W. Jones [33] , T. Nicholas [34] , Q. Y. Wang [35] , H. Tao [36] , H. Ishii [37] and R. Ebara [30] have performed fatigue tests by using the ultrasonic fatigue testing technique. A lot of fatigue data were reported and discussed from various viewpoints in their papers, but these results are not presented in this review paper due to the strict limitation of pages.
Effects of Various Factors on Very High Cycle Fatigue Properties
Effects of Surface Treatments
T. Naito et al. had examined the effect of carburizing on the very high cycle fatigue property of Cr-Mo steel(JIS:SCM415) [38] . Experimental results obtained for carburized specimens and electropolished specimens are indicated in Fig.17 . Doubly reflected S-N property is found for the carburized specimens, whereas S-N curve for the electropolished specimens gives a smooth straight line over the wide life range. Figure 18 indicates the S-N diagram for aluminum alloy(TF12B-T6) with/without alumite treatment [39] . In the case of thin alumite layer(3 m µ thick), the fatigue property at low stress levels(100-200MPa) is a little improved by the alumite treatment. But, the fatigue life is distinctly decreased in the wide stress range in the case of thick alumite layer(10 m µ thick). It is noted that the fatigue strength of aluminum alloys in very high cycle regime is not always improved by conventional alumite treatments. Effects of surface treatments on the fatigue behavior in the very high cycle regime was introduced here by focusing to only carburizing, electropolishing and almite treatment for the sake of simple reference. Although there are other kinds of surface treatments in order to improve the fatigue property, their detailed effects on the very high cycle fatigue behavior are still unsolved. Further experimental data and discussions should be accumulated in the future to clarify the entire effects of the surface treatments.
Effects of Environments
T. Nakamura et al. [40] had performed fatigue tests on titanium alloy(Ti-6Al-4V) in room atmosphere and in high vacuum. S-N diagram obtained is shown in Fig.19 , in which the fatigue life in the vacuum is clearly longer than that in room atmosphere at higher stress levels of 860 > σ MPa, but no difference is found on the fatigue life at lower stress levels of 860 < σ MPa, where the internal fracture takes place. Figure 20 indicates fatigue test data for SCMV2 steel obtained at different temperatures by K. Kanazawa et al. [41] . At room temperature and 200℃, S-N curve has the clear fatigue limit, whereas S-N curve has another S-N curve for interior-initiated fracture in the long life region of 7 
10
> N at higher temperatures. Stress level giving the apparent fatigue limit tends to increase with an increase of the temperature.
There are some other reports on the environmental effects of the very high cycle fatigue [42, 43] , but the author has selected above two series of experimental data as typical examples due to the limitation of pages.
Effects of Strength and Microstructures
The authors have prepared SCM435 specimens having different strength by tempering at different temperatures, and fatigue tests were performed in rotating bending in very high cycle regime [44] . Fatigue test data under the respective heat treatment conditions are plotted altogether in Fig.21 , in which the conventional fatigue limit tends to decrease with an increase of the tempering temperature. The duplex S-N property can be found, if the tensile strength is higher than 1700MPa and the hardness is higher than 500HV [44] . When the strength level of the steel becomes higher, stress concentration around the inclusion becomes distinct comparing with the steel having a low strength. Accordingly, it is suggested that an interior inclusion becomes sensitive as a crack starter during a long sequence of cyclic loading. This would be a reason why the duplex S-N property takes place in such a high strength steel. But, the critical strength level indicating the duplex S-N characteristics is supposed to depend on the kind of metallic materials. In order to make clear its entire aspect, further works should be facilitated in the future. Figure 22 indicates S-N diagram for maraging steels with/without aging treatment in rotating bending reported by the authors [45] . By comparing the inclined lines in Fig.22 , it is clear that the fatigue life of the aged specimen is longer by a factor of 10-100 than that of the solution treated specimen, and this life-increase in the aged specimen is considered as a result of precipitation strengthening. However, fatigue limit of the aged specimen was 600MPa and it is almost same as that of the solution treated specimen, i.e. 625MPa. Thus, particular attention should be paid in the practical applications of this steel in very high cycle regime.
Prospects to the Future Studies on Very High Cycle Fatigue
Fatigue test data in very high cycle regime should be accumulated for various kinds of metallic materials as fundamental design data for mechanical structures to be used in the very long term. Fatigue mechanisms, especially the crack initiation mechanisms, of metallic materials in the long life region should be clarified. Some models such as a certain polygonization around the interior inclusion [21] , hydrogen embrittlement-assisted cracking [22] and separation of boundaries between carbide particle and matrix [24] have been proposed by several researchers. Each of these models would be instructive in some cases, but it is difficult to explain all the experimental aspects for every kind of metallic materials based on any one of above models.
In order to perform fatigue tests with usual frequencies in very high cycle regime, some kinds of high efficiency testing machines in rotating bending and axial loading are required to get a number of fatigue test data within a reasonable term. Such kinds of efficient fatigue testing machines in which four specimens could be tested simultaneously were developed and their usefulness was confirmed through a series of fatigue tests for high strength steels [13, 14, 46] . Ultrasonic fatigue testings [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] are also useful to examine the fatigue property of materials in the actual ultrasonic loading conditions. But correspondence of fatigue behaviors under usual frequencies less than 100Hz and ultrasonic frequencies should be carefully examined and discussed by performing fatigue tests under respective frequencies such as 50Hz and 20kHz.
A certain standard procedure should be introduced in the respective fatigue testing methods and standard analytical methods of fatigue test data should be also introduced in the near future for the sake of objective comparison of the respective fatigue test data. In addition, standard terminology should be established for some important keywords in the very high cycle fatigue. For instance, a certain common expression among "Two-step S-N curve", "Stepwise S-N curve", "Doubly deflected S-N curve", "Dual S-N curve" and "Duplex Vol. 3, No. 3, 2009 S-N curve" would be recommended to represent the same S-N characteristics in the very high cycle regime. A common expression is also required for terms of "Optically Dark Area(ODA)", "Fine Granular Area(FGA)", "Bright Granular Facet(GBF)" and "Rough Surface Area(RSA)" to indicate the characteristic fine granular area around the inclusion at the center of the fish-eye on the fracture surface. As an attempt for the standardization of the terminology, expressions of "Duplex S-N Characteristics" and "Fine Granular Area(FGA)" were used in this paper.
Concluding Remarks
1)
In some structural steels, duplex S-N characteristics consisting of S-N curves for the respective fracture modes of surface-initiated fracture and interior-initiated fracture are observed. This trend is remarkable for ferrous metals with high strength in rotating bending, but difference of the respective S-N curves becomes very small in the case of axial loading. 2) In the case of interior-initiated fracture, a clear fish-eye is observed on the fracture surface and an inclusion is found at the center of the fish-eye. In addition, a fine granular area(FGA) is usually formed around the inclusion, although the FGA is not found in cases of very large inclusion and/or at high stress levels. Stress intensity factor range in front of the FGA keeps constant value corresponding to the threshold value of fatigue crack propagation th K ∆ . 3) Based on SEM, TEM observations and X-ray diffraction technique, the following formation mechanisms of the FGA was confirmed as an example; Stage A: a fine granular layer caused by intensive polygonization is gradually induced around the interior inclusion. Stage B: number of micro-debondings is increased gradually and some of them would coalesce to one another. Stage C: micro-debondings are entirely spread over the FGA layer and the penny-shape crack is finally formed around the interior inclusion of the material. 4) Some surface treatments such as carburizing and shot-peening provide the duplex S-N property of metallic materials in the very high cycle regime. But, the effect of those surface treatments on the fatigue property cannot be evaluated uniquely, since the surface-hardening mechanism is not the same. 5) Ultrasonic fatigue tests are useful testing technique to examine fatigue properties such as S-N curve and the crack propagation behavior of metallic materials under the actual loading conditions with ultrasonic high frequencies. However, it is noted that the correspondence of S-N properties in the usual frequency and the ultrasonic frequency does not mean the same fatigue behavior in both loading frequencies.
